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Nitric oxide synthase (NOS), which closely resembles the 1 To whom correspondence should be addressed at Integrated Microscytochrome-P-450-like hemeproteins (Bredt et al. 1991) , with L-citrulline and presumably H 2 O as by-products (MarBicker 1997) where evidence suggests that this signaling system modulates photoreceptor cell responses (Schmachletta 1993) . NO freely diffuses into cells and has a short half-life. Within cells, NO binds to and activates soluble tenberg and Bicker 1999) . NADPH diaphorase, which colocalizes with NOS, occurs in the antennae of Manduca sexta guanylyl cyclase to produce cGMP (McDonald and Murad 1995) . In vertebrates, three isoforms of NOS have been where it is suggested that the enzyme is pheromone dependent (Stengl and Zintl 1996) . identified, isolated, and cloned: endothelial (eNOS), neuronal (nNOS), and inducible (iNOS) (Nathan and Xie 1994) .
Ixodid salivary glands are complex organs that undergo many developmental changes in preparation for fluid secreAll isoforms of NOS are structurally related and all require calcium, calmodulin (CaM), FAD, FMN, and BH 4 as cofaction Coons and Alberti 1999) . A recent pharmacological study concluded that NO mediates the dilators. The eNOS and nNOS isoforms are also known as constitutive NOS. The synthesis of NO by constitutive isotion of the salivary gland ducts in partially fed Dermacentor variabilis during fluid secretion (Lamoreaux 1994 ; Lamoforms is rapid and depends on the activation of the calcium/ calmodulin signaling pathway by an elevated intracellular reaux et al. 1999) . Treatment of isolated ducts with a secretagogue induced dilation of the salivary duct. Abolition of the free calcium (Wang and Marsden 1995) . The expression of iNOS requires the stimulus of cytokines or lipopolysacchaactin cytoskeleton in the duct epithelium abolished dilation. Treatment of isolated salivary ducts with inhibitors of NOS ride over a period of hours and is independent of intracellular calcium levels (Wang and Marsden 1995) . NOS and also inhibited dilation of the salivary duct. These observations prompted us to design this study to localize NOS NADPH-diaphorase colocalize in neurons of vertebrate brain, peripheral nerves, and aorta (Dawson et al. 1991;  activity and partially characterize NOS in female D. variabilis salivary glands. Hope et al. 1991; Loesch et al. 1993) .
The NO/cGMP pathway is involved in autocrine, paracrine, and probably endocrine cell-cell signaling (McDonald and Murad 1995) . In vertebrates, this multifunctional path-MATERIAL AND METHODS way has a role in blood vessel relaxation, neurotramsission, and inflammatory responses and is involved in several disease states such as septic shock, hypertension, and stroke Ticks. Adult D. variabilis were obtained from a colony maintained (Bredt and Snyder 1994 prolixus along with a nitrosylhemeprotein that binds NO was done on whole isolated salivary glands using the procedure of Ribeiro et al. 1993) . NO Cuthbertson et al. (1997) . This technique localizes putative nitric oxide synthase based on the enzyme's requirement for NADPH. Whole saliis released in the host tissue and with other antihemostatic vary glands were removed from ticks under TS-Mops (pH 7.4) (Needcompounds presumably acts as a vasodilator to aid the bug ham and Sauer 1979; McSwain et al. 1992) and fixed in 4% paraformalin obtaining a blood meal (Ribeiro et al. , 1998 . The dehyde in phosphate buffer (pH 7.4). Following a series of rinses in NO-cGMP signaling pathway occurs in the Malpighian tuthe buffer, the glands were immersed in a NADPH diaphorase reaction bules of Drosophila melanogaster, and current evidence sugbuffer consisting of 1 mM ␤-NADPH, 0.5 mM NT, 80 mM monosodium malate, 0.3% Triton X-100 in 10mM Tris, pH 7.4. The incubation gests that NO controls fluid secretion by these organs (Dow buffer goat anti-rabbit IgG conjugated with TRITC. We observed preparations chloride. These fractions were placed in sample vials containing scintillation fluid, and the level of radioactivity was determined using a for autofluorescence as described below. Controls omitted the primary antibody. For autofluoresecent controls, images were viewed along the Beckman liquid scintillation counter. Thin-layer chromatography. The Bio-Rad AG50WX-8 cation colsame planes at the same time and were visualized with a different excitation wavelength. Preparations were viewed with an Olympus umn eluate was compared to an amino acid standard mixture on a prewashed and activated silica gel plate. The plate was developed with BX50 microscope and a Bio-Rad MRC-1000 confocal laser scanning imaging system and CoMOS imaging sofware (Bio-Rad, Hercules CA).
a solvent system of 60% methanol in acetic acid. Visualization of the amino acids was accomplished by atomizing ninhydrin on the silica We merged a series of 10-to 15-m optical sections (Z-focus series) to form a single image. All images were captured directly to computer gel plate. The region corresponding to the L-citrulline standard in the lane containing the column eluate was scraped from the plate and and then imaged in Adobe Photoshop 3.0 and 5.0 where we adjusted the ␥, sharpened the image, and then reversed the image so that the placed in a scintillation vial followed by the addition of 5.0 ml of scintillation fluid. Counts were detected using a Beckman liquid scintilreaction product appeared dark in the final print. Reversing the image was designed as an aid in comparing the two procedures. No other lation counter. Cyclic nucleotide assay. We used a [ 3 H]cGMP radioimmunoassay changes to the original image were made.
Salivary gland homogenate preparation. Female ticks were manukit (Amersham) to assay for cGMP. Isolated tick salivary glands were stimulated with 10 M dopamine. The duration of incubation of conally detached prior to the rapid engorgement feeding period. Ticks weighing between 100 and 200 mg were immobilized in paraffin as trols and experimental chemicals was 15 min. Experimental chemicals consisted of the NOS inhibitor L-NAME, the calcium/CaM binding previously described (Coons et al. 1989) . Salivary glands were then dissected under TS plus tissue culture solution TC199/Mops, pH 7.5 inhibitor W-7, and the NO donor sodium nitroprusside (SN). Salivary glands were immersed in liquid nitrogen for 5 min to stop the reaction. (Lamoreaux et al. 1994) . Each experiment was performed using 20 pairs of tick salivary glands homogenized at 0ЊC in 200 l of storage Salivary glands were homogenized as described above except that the TS contained 1.0 mM of the phosphodiesterase inhibitor IBMX and 4 buffer (TS with 10% glycerol and 10% protease inhibitors) with a mini-mortar and pestle. Each time an experiment was repeated, a mM of EDTA. A 100-l aliquot was removed for protein determination using the microtiter plate protocol in the BCA assay (Pierce Chemical different set of 20 pairs of salivary glands was used. Following homogenization, samples were sonicated for 30 s to ensure complete cellular Co.). The remainder of the homogenate was boiled for 5 min and a 100-l aliquot was used for cGMP determination following the disruption then snap-frozen in liquid nitrogen. Frozen samples were stored at Ϫ80ЊC for latter biochemical analyses.
manufacturer's protocol. Electron spin resonance (ESR) spectroscopy. NOS activity was Size-exclusion chromatography. We used a modification of the procedure described by Ribeiro and Nussenzveig (1993) . A 200-l measured directly using a NO spin trap molecule, Fe 2ϩ -(N-methyl Dglucosamine) 2 (MGD), and ESR spectroscopy. The compound formed sample of salivary gland homogenate was centrifuged at about 14,000g in an Eppendorf table-top centrifuge. The supernatant was applied to a water-soluble complex with NO. The NO trapping compound was synthesized according to Shinobu et al. (1984) . The ESR procedure an Ultrogel ACA34 size-exclusion column (range 20-356 kDa) that had been equilibrated using PBS (150 mM sodium chloride and 10 consisted of incubating 50 l of salivary gland homogenate in 0.5 ml reaction mixture containing 50 mM triethanolamine, pH 7.5, 0.1 M mM sodium phosphate, pH 7.0) and calibrated with molecular weight markers. Thirty-six 0.5 ml fractions were assayed for diaphorase activsodium chloride, 1 mM calcium chloride, 1 mM DTT, 10 mM BH 4 , 3 mM FAD, 10 g ml Ϫ1 CaM, 10 M L-arginine and then adding ity as described below. The remaining portion of each fraction was snapfrozen in liquid nitrogen and stored at Ϫ80ЊC for further investigation.
MGD. This MGD-NO complex gives a characteristic three-line ESR spectrum at room temperature from the interaction of the unpaired Diaphorase activity. A diaphorase reaction mixture containing 50 mM phosphate buffer, pH 7.5, 0.1 M sodium chloride, 0.1 mM calcium electron with the 14 N atom in the NO (Kalyanaraman 1996) . The ESR spectrum was taken with a Varian E-104 ESR spectrometer using a chloride, 0.1% Triton X-100, 1 mM NADPH, and 0.5 mg/ml MTT was used to demonstrate NADPH diaphorase activity in the salivary Wilmad aqueous solution cell in a TM 110 cavity. The spectrophotometer was connected to a computer for signal averaging. A control spectrum gland homogenates as described by Ribeiro and Nussenzveig (1993 Snyder 1989, 1990; Ribeiro and Nussenzveig 1993) . We used a 0.5-ml reaction mixture containing 50 mM triethanoUsing histochemistry, NADPH diaphorase activity was lamine, pH 7.5, 0.1 M sodium chloride, 1 mM calcium chloride, 1 mM localized in epithelial cells surrounding the salivary gland DTT, 10 mM BH 4 , 3 mM FAD, 10 g ml Ϫ1 CaM, 10 M L-[ 3 H]arginine, and 50 l of salivary gland homogenate. The activity of this reaction ducts (Fig. 1A) . NOS activity was also localized in epithelial mixture was terminated by the addition of 0.5 ml of 20 mM Hepes cells surrounding the salivary gland ducts with immunohistobuffer, pH 5.5, 2 mM EGTA, and 1 mM L-citrulline. A 1.0-ml sample chemistry using a polyclonal monospecific antisera against of the terminated reaction mixture was applied to a Bio-Rad AG50WX-bovine endothelial NOS (Fig. 1B) . Controls (not shown), the molecular mass of the 185-kDa fraction (Fig. 2) . The molecular mass of the heavy fraction prompted us to consider it as an aggregate of the 185-kDa fraction and it was not used in any other assays. The 185-kDa fraction converted L-[
H]arginine to L-[
3 H]citrulline in a time-dependent manner (Fig. 3) . The cation-exchange column eluate comigrated with a citrulline standard using silica gel thin-layer chromatography, and the band was shown to contain 3 H using a liquid scintillation fluid counter (data not shown). (Fig. 4) .
We used this radiochemical conversion assay to establish cofactor requirements for the 185-kDa fraction. Compared to the control, conversion of L-[
3 H]citrulline was reduced approximately 64% by the deletion of FAD and approximately 17% by the deletion of BH 4 , but was not reduced by the deletion of DTT (Fig. 5) . Conversion activity was decreased approximately 60% upon deletion of the electron donor NADPH, a known cofactor of vertebrate NOS (Fig. 6) . Substitution of NADH for NADPH did not restore activity (Fig. 6 ). Both Ca 2ϩ and CaM were required for complete activity (Fig. 7) . Deletion of Ca 2ϩ from the reaction mixture by chelation diminished the activity of the fraction by more than 75%. However, the deletion of exogenous CaM from the reaction mixture reduced the fractions activity by only about 25% suggesting that there may have been
FIG. 1. NADPH and NOS colocalization study using isolated tick salivary glands as described under Material and Methods section. (A)
NADPH diaphorase activity using a conventional light microscope. Note that the dark precipitation product is localized in the epithelial cells (ec) surrounding the salivary gland duct (sd). Bar, 10 m. (B) A micrograph from a confocal laser scanning microscope of a portion of a salivary gland duct showing immunohistochemical localization of NOS as a dark product in epithelial cells (ec) surrounding the salivary gland duct (sd). A series of optical slices was taken and merged into one image as described under Material and Methods. ssd, secondary salivary gland duct; tr, trachea. Bar, 50 m. that had NADPH diaphorase activity, a lighter fraction of Diaphorase activity was measured at 550 nm using a BIO-TEK Instruments EL 309 Microplate Autoreader.
about 185 kDa and a heavier fraction that was at least double (data not shown). Radioimmunoassay showed that isolated tick salivary glands (TSG) stimulated with 10 M dopamine had a substantial increase in cGMP (Fig. 8) . L-Arginine produced 11a). ESR of the salivary gland homogenate plus the reaction similar results in unstimulated isolated glands (Fig. 8) . The mixture and MGD, as described under Material and MethcGMP levels of TSG controls without dopamine were about ods, produced a characteristic three-line spectrum as did the 70-75% lower than the cGMP levels under either expericontrol (compare Fig. 11a to Fig. 11b ). mental condition (Fig. 8) . Isolated TSG pretreated with EDTA and then stimulated with dopamine or glands treated with the NOS inhibitor L-NAME plus dopamine did not show an increase in cGMP compared to controls consisting DISCUSSION of unstimulated TSG (Fig. 9) . Isolated TSG pretreated with the calcium/CaM binding inhibitor W-7 and then stimulated with 10 M dopamine showed no increase in cGMP levels
In mammals, the colocalization of NOS and NADPH has led to the conclusion that the distribution of NOS can be above the levels of the unstimulated TSG controls (Fig. 10) . The NO donor SN increased cGMP levels about fivefold in established with the histochemistry of NADPH diaphorase. In arthropods, this colocalization has not been previously unstimulated isolated TSG (Fig. 10) .
NOS activity was measured directly using a spin trap established although NADPH diaphorase activity has been localized in the brain of the fruit fly D. melanogaster (Müller molecule that forms a water-soluble complex with NO and produces a characteristic three-line ESR spectrum at room and Buchner 1993), the brain of the locust Schistocerca gregaria (Elphick et al. 1995; Ott and Burrows 1998 ; O'Shea temperature. The control spectrum consisted of passing NO through a solution of the spin trap molecule (MGD) (Fig.  et al. 1998) , the antennae of the hawkmoth M. sexta (Stengl mixture contained the following: 50 mM triethanolamine, pH 7.5, 0.1 Exclusive of the cofactor being tested, the reaction mixture contained M sodium chloride, and 50 ml of the 185-kDa fraction after sizethe following: 50 mM triethanolamine, pH 7.5, 0.1 M sodium chloride, exclusion chromatography on an Ultrogel ACA34 column. Cofactors and 50 ml of the 185-kDa fraction after size-exclusion chromatography included 1 mM calcium chloride, 1 mM DTT, 10 mM BH 4 , 3 mM on an Ultrogel ACA34 column. Cofactors included 1 mM calcium FAD, 10 g ml Ϫ1 CaM, 10 mM L-[ 3 H]arginine, 1 mM NADPH. A chloride, 1 mM DTT, 10 mM BH 4 , 3 mM FAD, 10 g ml Ϫ1 CaM, 10 1.0-ml sample of the terminated reaction mixture was applied to a BiomM L- and Zintl 1996) , and the salivary glands of the kissing bug R. prolixus (Nussenzveig et al. 1995) . In this study, we have 1995). Complete activity of tick NOS was dependent on NADPH, FAD, BH 4 , CaM, and Ca 2ϩ , all of which are known shown that the NADPH diaphorase reaction product and NOS immunohistochemistry colocalize in tick salivary cofactors of vertebrate and insect NOS (Bredt and Snyder 1990; Prince 1993; Regulski and Tully 1995;  Ribeiro and glands suggesting that as in mammals, NADPH diaphorase can be used to establish NOS distribution. Vorherr et al. 1993; Elphick et al. 1995) . TSG-NOS activity was not dependent on DTT, neither is We used the procedure of Ribeiro and Nussenzveig (1993) to isolate and partially characterize TSG-NOS. This resulted insect NOS . The arginine analog L-NMMA, an inhibitor of vertebrate NOS (Moncada in an isolated fraction of TSG homogenate that had diaphorase activity, a molecular mass of about 185 kDa, converted et al. 1991) and locust NOS (Elphick et al. 1995) , also inhibited TSG-NOS activity. TSG-NOS, like constitutive experiments. Exlusive of the cofactor being tested, the reaction mixture contained the following: 50 mM triethanolamine, pH 7.5, 0.1 M sodium chloride, and 50 ml of the 185-kDa fraction after size-exclusion chromatography on an Ultrogel ACA34 column. Cofactors included 1 mM calcium chloride, 1 mM DTT, 10 mM BH 4 , 3 mM FAD, 10 g ml Ϫ1 CaM, 10 mM L-[ 3 H]arginine, 1 mM NADPH. A 1.0-ml sample of the terminated reaction mixture was applied to a Bio-Rad AG50WX-8 cation extract column, and the NOS activity of the eluate was measured as CPM of Our results show that cGMP was increased in dopaminestimulated isolated TSG compared to controls and that this increase was inhibited by the calcium/CaM binding inhibitor W-7 and by the lack of Ca 2ϩ . In unstimulated TSG, cGMP was increased by the NO donor sodium nitroprusside. Dopamine stimulated isolated TSG treated with the NOS inhibitor L-NAME showed no increase in cGMP.
Pharmacological evidence suggests that NO mediates salivary gland duct expansion during fluid production (Lamoreaux 1994; Lamoreaux et al. 1999) . This study found that dopamine, an agonist of fluid production in TSG (Kaufman 1976 (Kaufman , 1977 Sauer et al. 1979; Schmidt et al. 1982; Lamoreaux et al., 1994) , also acts to dilate the salivary gland ducts study support the role of NO in the dilation of salivary ducts. requires NOS to be present in or adjacent to target cells. We have demonstrated that NO production is under the control of dopamine and that the NO-cGMP signaling pathway, which in vertebrates is involved in relaxing vascular smooth muscle, exists in tick salivary glands.
In summary, our results support the following conclusions: NADPH diaphorase histochemistry and immunohistochemistry colocalized NOS activity in the epithelial cells surrounding tick salivary ducts; tick NOS required the same cofactors as insect NOS and was calcium dependent; TSG-NO activated guanylate cyclase to produce cGMP; this production was dependent on calcium and CaM; and finally, the TSG NO-cGMP signaling pathway was under the control of dopamine. NOS and the NO-cGMP signaling pathway are remarkably conserved, suggesting an ancient origin for this multifunctional pathway.
FIG. 10.
Effect of 10 M W-7 and 10 M SN on cGMP production in isolated tick salivary glands as measured by radioimmunoassay.
